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fuel matrix and the fuels are thoroughly optimized on two engine conditions at light and mid-load 23 representative of typical vehicle running conditions. The results show a high sensitivity and a good 24 correlation of the engine efficiency and pollutants emissions with the volumetric contribution of each 25 refinery stream to the fuel composition. The optimum fuel composition varies across the range of engine 26 operating points. At light load for example, the addition of up to 50%v of gasoline streams (HSRG and 27 HFCC) to diesel streams demonstrates a good potential to simultaneously reduce NOx and particulate 28 emissions and an overall good engine performance. Reformate, a highly aromatic gasoline stream, did not 29 offer an advantage at any of the tested conditions due to high particulate emissions. The two kerosene 30 streams perform similarly to diesel streams in terms of engine efficiency and pollutants emissions. A 31 compromise fuel, composed of 50%v HSRG and 50%v HSRD, is proposed that allowed halving NOx and 32 particulate emissions and reducing the fuel consumption by 5%wt compared to reference diesel HSRD. 33 4 combustion efficiency [7] . Fuel wall impingement, the crevices, boundary layers, and fuel-lean regions 69 formed during longer auto-ignition delay may constitute additional sources of HC and CO emissions [13] , 70 [14] , [15] . 71
Petroleum-based formulations for Diesel engines and impacts on pollutants 72
The use of gasoline or kerosene as alternatives to diesel fuel has been studied by several groups for their 73 pollutants reducing potential. Han et al. [16] proved a simultaneous reduction of NOx and soot emissions 74 using up to 40% gasoline with low EGR requirement compared to diesel fuel. CO and HC emissions were 75 comparable to diesel engines at light loads, however increased at high loads [17] . Kerosene fuels are also 76 attractive for their higher volatility and lower cetane number, generally between EU diesel and gasoline. 77
Tested alone in compression ignition engines, kerosene presents lower NOx emissions than diesel at a 78 similar soot level [18] [19] and in mixture with diesel, it enhances the combustion efficiency [20] . The 79 chemical effect of fuel formulation is difficult to separate from the physical effect, especially in complex 80 engine configurations. Nevertheless, several general trends have been put forward in recent literature. 81
Most usually, fuels containing high level of aromatics increase soot formation [10] [21] . Diminishing the 82 aromatic content generally correlates with particulate reduction for diesel, gasoline and kerosene 83 distillation cuts [11] . Paraffinic saturated fuels have, in comparison, lower soot tendency regardless of 84 their molecular structure [22] [23]. Note however, the exception of fuels containing a high proportion of 85 long-chain normal paraffins, which may lead to enhanced soot formation through increasing fuel 86 ignitability and the creation of local rich areas [21] . Unsaturated hydrocarbons, namely, monoaromatics 87 and short-chain olefins, can lead to over 2 and 5 folds higher NOx tendency respectively when compared 88 to paraffinic saturated compounds [24] . Aromatic-rich fuels can have longer ignition delay times but can 89 also form higher level of NOx towards the end of the combustion [25] . The safety question related to 90 lighter fractions introduction in Diesel fuels has been recently addressed by Al-Abdullah et al. [26] where 91 the flash points (FP) and volatilities of blends of a commercial diesel and a commercial gasoline were 92 measured. According to their results, the flash point decreases as the concentration of gasoline is 93 5 increased. For a mixture of 16%vol of gasoline in diesel, FP reaches 40°C. These results suggest that 94 blends with high gasoline fractions should present very similar behavior compared with gasoline which 95 has a FP of 45°C. 96
Modeling approaches for fuel design 97
Optimizing a fuel's formulation for advanced combustion modes requires an accurate knowledge of the 98 fuel's behavior over a wide range of engine operating conditions, both in steady state and transient modes. 99
To better address these complex physical and chemical phenomena involved, statistical modeling 100 approaches can represent powerful tools. Especially, Design of Experiments (DoE), refers to the process 101 of planning, designing and analyzing the experiments. It involves the development of statistical relations 102 between the response variables and the input factors and their interactions. In engine applications, DoE 103 have been widely applied in engine optimization processes [27] . DoE has also been used to optimize fuel 104 properties in terms of cetane number (CN), volatility and total aromatics content [28] . However, to our 105 knowledge, few studies have used DoE to optimize the fuel formulation with regards to combustion 106 behavior. In this study, we propose to evaluate a DoE approach to optimize fuel formulation for diesel 107 engines based on existing refinery streams, to improve engine efficiency and reduce main pollutant 108 emissions. Engine outputs were modeled as a function of the fuel composition and an optimum fuel is 109 proposed. 110
Materials and methods
111 Figure 1 presents the layout of the present study: first, seven refinery streams used in road and air 112 transport were selected. A 12-run, 7-factor D-Optimal mixture design was then generated using Design-113 Expert® version 9. The seven refinery streams constitute the design variables while engine outputs 114 correspond to the response parameters. Engine outputs were then modeled by first order models with 115 regards to the volume fraction of the streams and the models presenting good quality were used to 116 determine an optimum fuel composition. 
Fuel matrix definition by Design of Experiment approach 143
To optimize fuel composition, a 12-run, 7-factor D-Optimal mixture design was generated using Design-144 Expert® version 9 [29] . The seven refinery streams constituted the design variables while the engine 145 outputs corresponded to the response parameters. Statistical first-order linear models with no interaction 146 were defined and the matrix was built under constraints of the domain limits. Those limits consisted of the 147 range of cetane number, fractions of diesel, gasoline and kerosene cuts and maximum total aromatics. 148
Hence, the CN range was defined from 35 to 51 (+/-2). The upper limit corresponds to current European 149 diesel specification, and the lower was set to reduce the risk of combustion instability at light load based 150 on previous studies from our group [5] . The proportion of gasoline and kerosene streams was allowed up 151 to 50%vol for each [11] [17] [16] [30] , and a minimum of 30%vol of diesel streams was required to allow 152 for high load performance and a sufficient viscosity [5] . In addition, total aromatic content was capped at 153 50% to limit smoke emissions. The matrix design was composed of 12 (Fuels 1-12) ranked in order of 154 decreasing cetane number. These fuels included a reference diesel fuel (Fuel 4), binary blends of 155 diesel/kerosene streams (Fuel 1 and 2), binary blends of diesel/gasoline streams: Fuels 3 and 12 containing 156 7%vol and 41%vol Reformate, Fuels 5 and 6 containing 50%vol HSRG and Fuels 10-11 containing 50% 157 HFCC. Two ternary blends of diesel/kerosene/gasoline streams (Fuels 8-9) and a central point (Fuel 7) 158 composed of all tested streams was set as repeatability point and tested 8 times throughout the study 159 (Table 1) . Finally, a validation fuel was also formulated (Fuel 13) composed of 50%HCKK, 30%HSRD 160 and 20%HSRG. The matrix is detailed in Table due to HFCC presence even at very low ratio, and Fuels 3 and 5 most likely due to the presence of 185 HCKLD whose IBP is close to gasoline streams. 186
Fuel optimization procedure 187
The experiments were conducted in a DV6D 4-cylinder light duty diesel engine from PSA Peugeot 188 Citroën (PSA), compliant with Euro 5 specification. The engine details are given in Table 2 . The engine 189 oil and water temperatures were set to 90°C during the experiment. The engine was equipped with a 190 Bosch CRI2.2 common rail direct fuel injection with a maximum rail pressure of 1800 bar, a turbocharger 191 with a fixed geometry and a high pressure EGR system. The engine was tested without the after-treatment 192 system fitted and an open Engine Control Unit (ECU) was used to monitor injection parameters and 193 air/EGR settings. 194 The experiment was conducted in double injection mode (i.e. pilot and main injection) with EGR. To cope 196 with the high dispersion of fuels properties, particularly volatility and reactivity, the engine settings were 197 adapted for each fuel. Matrix fuels were optimized separately on six operating points ranging from 1350 to 198 2400 rpm engine speed and from 1 to 13.4 bar of Brake Mean Effective Pressure (BMEP). These final optimized heat release profile was used as a baseline for the optimization of the fuels belonging to 214 the same cetane group. An overview of both methodologies is provided in Figure 4 . Note that the injection 215 pressure was optimized for each fuel separately. The initial rail pressure for the "central" fuels (used in the 216 optimization methodology) was that of the standard map, i.e. 800 bar for EP1 and 1146 bar for EP2, while, 217 for the fuels belonging to the same cetane group, the initial rail pressure corresponds to the optimized 218 pressure of the "central" fuel. It should be noted that fixed engine settings such as the intake pressure 219 correspond to diesel like-fuels, and may influence the results of high volatility and low-cetane number 220 fuels. For example, a higher intake may better highlight the potential of high volatility and low-cetane 221 13 number fuels according to previous work of Han et al. [17] . Further details on the optimization 222 methodology are provided in Appendix B. 223 kerosene streams are presented. Namely, Fuels 2, a diesel/kerosene blend and Fuels 5, 6, 10 and 12, which 248 are gasoline/diesel blends. Fuel 4 composed of 100% HSRD was the reference fuel. Fuels are compared 249 on engine conditions EP1 and EP2. Figure 5 illustrates the comparison of the NOx-PM tradeoff and 250 cumulated particulates (C PM ) over the NOx optimum range, i.e. from 0.7 to 1.5 g/kW.h and from 1 to 2 251 g/kW.h on EP1 and EP2, respectively (Appendix C). To evaluate the robustness of this approach, the 252 limits of the NOx range were varied by +/-0.5 g/kW.h, and results show negligible variation of the main 253 15 trends discussed hereafter. Moreover, optimum results summarized in Figure 6 are discussed to illustrate 254 the variation of fuel consumption and other regulated pollutants with respect to streams composition. 255
Engine results synthesis using the entire fuel matrix is summarized in Appendix C. 256
Effect of the addition of Hydrotreated Straight Run Gasoline (HSRG) to Diesel 257
On EP1, the addition of 50% HSRG to both diesel streams (HSRD or HCKLD, in Fuel 6 and Fuel 5, 258 respectively) allows over 5 times lower C PM compared with reference diesel efficiency. CO emissions increase by over 45% comparably with the HSRG effect (Fuel 6). We note that 297 noise level was very high (91 dB) and could not be reduced with the settings variation, most likely due to 298 the increased autoignition delay and mixture-controlled combustion. At higher load at EP2, Fuel 10 299 presents roughly similar results to Fuel 4 in terms of NOx-PM tradeoff, CO, HC and noise. However, a 300 better fuel economy is achieved mainly due to better phasing and shorter combustion promoted by better 
Effect of the addition of Reformate (REF) to Diesel 304
The addition of around 40% REF to HCKLD in Fuel 12 leads to a significant degradation in the C PM 305 performance (8 times higher than the HSRG/HCKLD mixture and 50% higher than reference diesel). This 306 trend can be attributed to the low CN of Fuel 12 and the low combustion stability that limits EGR 307 capacity. Both contribute to NOx formation through increased mixture-controlled high temperature 308 combustion, thus, confirming a negative effect of excessive ignition delay on exhaust emissions observed 309 by other groups [35] . Moreover, the higher aromatic fraction provided by the REF stream contributes to an 310 increase in the soot precursors and can also play a role in increasing NOx formation [24] . Contrary to the 311 HSRG and HFCC effect on NOx-PM, which drops off at higher load, the negative effect of REF addition 312 to diesel is more pronounced at higher load ( Figure 5) . A fair linear relationship between C PM and REF 313
volume fraction is obtained. Optimum results show a similar positive trend on fuel consumption on EP1 314 and EP2 and CO emissions increase on EP1 in agreement with the other gasoline streams. 315
Effect of the addition of Hydrocracked Kerosene (HCKK) to Diesel 316
The addition of HCKK kerosene stream to HCKLD in Fuel 1 leads to an increase in C PM by over 7 times 317 compared with HSRG in the same proportion (Fuel 5) at EP1. Its lower volatility and higher cetane 318 number reduces the mixing efficiency and favors the formation of fuel-rich areas which increases the 319 sooting tendency. The fuel chemistry can also contribute to a NOx rise through lower paraffin and higher 320 naphthenes fractions. The NOx relationship to the molecular structure of alkanes studied in literature 321
shows higher NOx tendency for cyclic paraffins compared to normal and branched ones [24] [36]. At 322 higher load, the addition of HCKK has a relatively small impact on NOx-PM tradeoff. Optimum results 323 presented in Figure 6 illustrate higher fuel consumption at EP1 and EP2, and reduced CO emissions at 324 EP1 which confirms the previous hypothesis. Overall, we observe that kerosene/diesel blends behave 325 similarly to diesel streams in terms of engine efficiency and regulated pollutants. HFCC streams reduces heat rejection through lower combustion temperature, while at mid load, they 365 induce later and higher temperature premixed combustion, thus increasing the combustion efficiency 366 ( Figure 6 ). NOx coefficients vary significantly between EP1 and EP2. EP 1 presents a higher sensitivity to 367 21 streams composition. The lowest coefficients are associated with HSRG and REF, then HFCC, while 368 diesel and kerosene streams are more similar, confirming previous conclusions. At higher load, HFCC and 369 HSRG streams' coefficients become higher than both kerosene and diesel, although of a similar 370 magnitude. REF has the worst effect on NOx emissions, three times higher than standard diesel and over 371 twice as high as the other gasoline streams. PM coefficients are lower for gasoline streams HSRG and 372 HFCC at light load and tend to increase at mid load. Only REF presented high PM coefficients for both 373 EP1 and EP2. HSRD and kerosene streams present a good tradeoff with average levels at EP1 and EP2. 374
The coefficients of the C PM model, in agreement with the previous analysis of NOx and PM coefficients, 375 underline the negative effect of REF stream on EP1 and more significantly on EP2, and the suitability of 376 gasoline streams HSRG and HFCC at light load with low coefficients and kerosene and diesel streams at 377 mid load. 378
To summarize, modeling of the engine outputs allows qualitative representation of the main streams 379 effects described in section 2.1. The models' accuracy was fair for several engine outputs over the tested 380 conditions, however not sufficiently predictive for the results of the validation fuel. This may be 381 associated to the relatively low number of fuels used to build the model. Besides, the model did not take 382 into account streams' interactions, that may have an influence as well. Therefore, two approaches were 383 evaluated, for fuel optimization, first, through the minimization of pollutants (NOx and PM trade off), 384 then through a comparative evaluation of the optimized fuel with matrix fuels. 385 . The optimization was carried out under the same constraints 391 on EP1 and EP2 for PM, CO, HC and stability adopted for the matrix fuel evaluation methodology (Table  392 3). Interestingly, the optimum composition is one of the matrix fuels tested: Fuel 6, a diesel/gasoline blend 393 composed of 50%v HSRD and 50%v HSRG, in good agreement with the ranking of the fuels according to 394 average C PM displayed in Figure 9 . This fuel allows, at light load, a drastic reduction in NOx emissions 395 and a low sooting tendency, and a fairly good behavior at mid load. In this study, we propose an original methodology to optimize the fuel formulation for compression 400 ignition light-duty engines, to achieve lower pollutants emissions and higher engine efficiency based on a 401 DoE approach. Seven refinery streams representative of gasoline, kerosene and diesel cuts are used. A D-402
Optimal mixture design was applied to build, a 12-run, 7-factor fuel matrix. Fuels were thoroughly 403 optimized on light and mid load engine points representative of typical vehicle running conditions. The 404 results show a high sensitivity of the engine efficiency and pollutants emissions to streams composition. 405
Optimal fuel requirements varied as a function of the engine operating point. At light load, the addition of 406 up to 50% gasoline streams (mainly HSRG) to diesel streams demonstrates a better potential to achieve 407 simultaneously low NOx and PM emissions and an overall good engine performance. Reformate, a highly 408 aromatic gasoline stream, did not offer an advantage at any of the tested conditions due to high particulate 409 emissions. The two kerosene streams evaluated in this work performed similarly to diesel streams in terms Avg CPM (g/kWh) 24 and 50%vHSRD that allows halving of NOx and PM emissions and reducing of fuel consumption by 412 5%wt compared to reference diesel HSRD. 413 This study allowed to put forward an interesting potential of using gasoline and kerosene streams in diesel 414 fuels on a commercial light-duty diesel engine (PSA DV6D). The optimization methodology was based on 415 reduced number of parameters and interactions. A more elaborated engine calibration would be necessary 416 to confirm the observed trends on larger range of operating conditions. Besides, the upgrading of the 417 engine hardware (especially, in terms of boost pressure and combustion chamber design) may allow to 418 further explore the full potential of these streams in terms of engine performance and emissions. 
